Introduction
It is generally accepted that there is a coupling between tectonics and surface processes and that these processes operate at similar rates (Allen 2008) . This assumption, however, is based on results obtained from numerical modelling (Braun 2006) and still needs to be tested with data from natural examples. A main drawback in solving this question is that tectonic processes operate over long timescales (Allen 2008) . Thus, landscapes that have evolved through various tectonic boundary conditions are rare. As a consequence, understanding the response times of natural landscape to changes in tectonic boundary conditions remains elusive (i.e. Bishop 2007; Allen 2008) .
The extensive pre-Mesozoic basement of the Iberian Massif in NW Spain may be suitable for the study of shallow processes, such as denudation rates, and the response of natural landscapes to changing tectonic boundary conditions at timescales of 10 7 years. Palaeographic reconstructions suggest that a large part of this massif, including most of what today makes up Galicia, may have formed an emergent and stable continental landmass since the start of the Mesozoic (e.g. Ziegler 1989; Schettino and Turco 2011) , despite the Abstract Apatite fission-track (AFT) and (U+Th)/He (AHe) data, combined with time-temperature inverse modelling, reveal the cooling and exhumation history of the Iberian Massif in eastern Galicia since the Mesozoic. The continuous cooling at various rates correlates with variation of tectonic boundary conditions in the adjacent continental margins. The data provide constraints on the 10 7 timescale longevity of a relict paleolandscape. AFT ages range from 68 to 174 Ma with mean track lengths of 10.7 ± 2.6 to 12.6 ± 1.8 μm, and AHe ages range from 73 to 147 Ma. Fastest exhumation (≈0.25 km/Ma) occurred during the Late Jurassic to Early Cretaceous main episode of rifting in the adjacent western and northern margins. Exhumation rates have decreased since then and have been approximately one order of magnitude lower. Across inland Galicia, the AFT data are consistent with Early Cretaceous movement on post-Variscan NE trending faults. This is coeval with an extensional episode offshore. The AHe data in this region indicate less than 1.7 km of denudation in the last 100 Ma. This low exhumation suggests the attainment of a mature landscape during Late Cretaceous post-rift tectonic stability, whose remains are still preserved. The low and 1 3 successive tectonic processes and varied tectonic boundary conditions that led to the formation of the continental margins, basins and mountains that surround it today (Fig. 1) .
The Mesozoic tectonic evolution of the continental margins adjacent to Galicia is well established (Le Pichon et al. 1971; Boillot and Malod 1988 ; Verhoef and Srivastava a b Fig. 1 a Overview digital elevation model (ASTER GDEM) with the location of the study area in eastern Galicia, at the western termination of the Cantabrian Mountains in northern Spain. Note the lowrelief area around the city of Lugo with elevations of ~500 m that is surrounded by higher topography areas in north Galicia and the Cantabrian Mountains to the east and southeast. b Geological overview map of the NW Iberian Peninsula and adjacent west Galicia and north Iberian continental margins. It shows the Iberian Massif and the surrounding Mesozoic and Cenozoic sedimentary basins. The Oviedo basin and the Basque-Cantabrian Basin (BCB) east of Galicia. The location of the Galicia Interior Basin (GIB) and Porto Basin (PB) in the west Galicia margin, simplified from Murillas et al. (1990) and Soares et al. (2012) ; the buried accretionary prism in the North Iberian margin from Boillot and Malod (1988) . Major Alpine fractures are highlighted including the NW and NE post-Variscan trending sets of strike-slip faults in Galicia 1989 ; Olivet 1996; Reston and Manatschal 2011, among others) . In contrast, little is known about the processes affecting the inland areas of Galicia during that time. For example, it is difficult to determine whether some postVariscan faults are in fact Mesozoic in age because of the absence of any associated sedimentary record. In a recent thermochronological study in eastern Galicia, however, Grobe et al. (2010) noted differences in exhumation across a post-Variscan fault during the Mesozoic, suggesting that active faulting onshore may have been coeval with offshore rifting. Recent thermochronological studies nearby have contradicting interpretations with respect to the Mesozoic thermal history. Some authors propose continuous cooling at various rates (Pérez-Arlucea et al. 2005; Grobe et al. 2010) , while others propose that large areas were affected by reheating events during rifting in the Atlantic and the Bay of Biscay (Martín-González et al. 2012) .
Extensional tectonic processes dominated most of the North Atlantic realm in the Mesozoic (Ziegler 1989 ) and culminated in the formation of the Atlantic Ocean and the Bay of Biscay. The tectonic regime of the western part of the north Iberian margin changed to compression in the Eocene (Boillot and Malod 1988; Verhoef and Srivastava 1989; Olivet 1996; Alvarez-Marrón et al. 1997 ) that resulted in formation of the Cantabrian Mountains along the north Spanish coast (Pulgar et al. 1996) . While the mountains developed, in the adjacent area of eastern Galicia, an extensive low-relief area around Lugo appears to have remained unaffected by any significant uplift/erosion ( Fig. 1) . Most modern interpretations consider this low-relief region to be the remnant of a peneplane surface that predated the development of the Cantabrian Mountains (Martín-Serrano 1994; Vidal Romani et al. 1998) . Others propose that it is the remnant of a palaeosurface that may date back to the Late Cretaceous (Pagés and Vidal Romaní 1998) . Other than the interpretation of its geomorphological features, there is a lack of data to constrain the age and origin of this area of low relief.
The aim of this paper is to investigate the mode and rate of denudation of the supposed stable continental area and how those processes have responded to the changing tectonic conditions since the beginning of the Mesozoic. Our study has two main objectives: (1) to determine the structural and thermal response of the uppermost crust in eastern Galicia during the Mesozoic development of the adjacent continental margins and (2) to quantify the exhumation/ denudation rates and discuss the landscape evolution across the area since the Cretaceous continental break-up, including the possible long-term preservation of landforms. We do this through the use of low-temperature thermochronology.
Low-temperature thermochronology allows the effect of changing tectonic regimes on the thermal and exhumation history of the uppermost crust to be assessed. It provides information about the cooling of a rock during exhumation on timescales up to a few hundreds of millions of years (e.g. Reiners and Ehlers 2005) . Since the form of the landscape determines the shape of shallow isotherms, the low-temperature systems can provide information on the longevity of major landscape components (House et al. 1998) . Considering the most common range of geothermal gradients encountered today in different tectonic settings, the combination of the apatite fission-track (AFT) and (U+Th)/He (AHe) systems provides data on the exhumation of rocks through the uppermost 1-3.5 km of crust (e.g. Reiners and Ehlers 2005) . Here, we combine AFT and AHe techniques for the first time in the NW Iberian Massif to unravel its denudation history. In particular, we focus on the exhumation around selected major fault zones in eastern Galicia. The results refine those previously proposed by Grobe et al. (2010) , as part of a regional AFT study that also included the western Cantabrian Mountains. The information on how the low-relief landscape around Lugo formed and was preserved through the changing tectonic conditions provides insight into the long-term response of the landscape to changes in tectonic boundary conditions.
Geological background
The Iberian Massif is one of the largest exposed areas of the pre-Mesozoic basement that constructs the continental crust of western and central Europe. It underwent extensive deformation prior to the Permian, during the Variscan orogeny (Pérez-Estaún and Bea 2004) . The area of the Iberian Massif studied here extends through eastern Galicia and includes deformed Neoproterozoic to Early Palaeozoic metasedimentary rocks and abundant granitoids that lie within the West Asturian-Leonese Zone of the Variscan orogen (WALZ, Figs. 1b, 2) . The metasediments record Variscan metamorphic conditions that reached green schist to lower amphibolite facies (Pérez-Estaún and Bea 2004) . The granitoids range in age from c. 325 to 285 Ma, and intruded during syn-and post-kinematic main tectonic episodes relative to the Variscan orogeny (Dallmeyer et al. 1997; Cocherie 1978; Fernández-Suárez et al. 2000) . The lithologies, names, ages and the method used for dating of granitoids that were sampled for this thermochronology study across the WALZ are shown in Table 1 .
The tectonothermal history of the NW Iberian Massif during the Mesozoic appears to be linked to rifting episodes that occurred in the Atlantic and Tethys realms and that culminated with the formation of the west Galicia and North Iberian continental margins (Ziegler 1989; Schettino and Turco 2011) . The palaeogeographic reconstructions of these authors suggest that following the initiation of breakup in the supercontinent of Pangea, in particular, during Triassic to Middle Jurassic times, large areas of NW Spain were emergent continental highlands next to the incipient continental rifts that developed along the Bay of Biscay and off the present western Galicia coast. At present, the sediments of that age closest to our study area are found ~100 km to the east, in a small Mesozoic basin near Oviedo and are only about 250 m thick (Martínez-García et al. 2004 ; Fig. 1 ). In offshore areas, Triassic to Early Jurassic sediments are only reported from within the Porto Basin, more than 150 km to the southwest (Pinheiro et al. 1996) , and are assumed to be within the Galicia Interior Basin based on correlation with the Porto and sedimentary basins to the south (Murillas et al. 1990 ). On the contrary, Middle Jurassic shallow, relatively thin, marine deposits have been found in dredging campaigns across the continental platform surrounding Galicia (Boillot and Malod 1988; Pinheiro et al. 1996) .
The main Mesozoic rifting episode across the Atlantic and Bay of Biscay developed during the Late Jurassic to Early Cretaceous (Le Pichon et al. 1971 ; Srivastava et al. Bastida et al. 1984; González-Lodeiro et al. 1982) 1990; Olivet 1996) . Thick, syn-rift fault bound sedimentary sequences are found in both continental margins of the north and west of the study area (Lamboy and Dupeuble 1975; Boillot and Malod 1988; Murillas et al. 1990; Pinheiro et al. 1996) . In particular, the Galicia Interior Basin on the west Galicia margin underwent a main rifting episode in Berriasian-Hauterivian times (Murillas et al. 1990 ). The Mesozoic rifting episodes were not associated with significant magmatism in the offshore areas of NW Iberia. This has inspired several detailed studies, which have established the West Galicia Margin as one of the best examples of a magma-poor rifted margin (Reston and Manatschal 2011, and references therein) . Only during the latest stages of rifting, before true oceanic crust started to accrete (~122 Ma) are basic and ultrabasic rocks emplaced in the thinned transitional crust near the ocean-continent transition (Sibuet et al. 2007; Schärer et al. 2000) . Final continental break-up and initiation of seafloor spreading occurred in the west and north of Iberia by 118 Ma and stopped in the Bay of Biscay by Late Cretaceous times (Srivastava et al. 1990; Olivet 1996) . This is marked in the sedimentary record of the Porto Basin in the west Galicia margin by the Aptian to Late Albian-Early Cenomanian break-up sequence (Soares et al. 2012) and by the AptianAlbian break-up unconformity across the northern continental margin (Boillot and Malod 1988) . The stratigraphic architecture within the break-up sequence registers transgression-regression episodes that indicate pulses of uplift and subsidence during this time (Soares et al. 2012) . Late Cretaceous slope and mostly calcareous shallow water sedimentary facies are found across the margins to the north and west of Galicia that attest to the stable post-rift tectonic conditions (Lamboy and Dupeuble 1975; Boillot and Malod 1988; Murillas et al. 1990) .
The relative movement between Iberia and Eurasia changed to convergence during the Late Cretaceous-Cenozoic (Srivastava et al. 1990 ). In particular, the north Iberian margin was an active convergent boundary from chron 19 to chron 6 (Srivastava et al. 1990 ). This convergence caused incipient subduction and formation of a small accretionary prism at the foot of the continental slope that north of Galicia was active from Lutetian to Burdigalian times (Boillot and Malod 1988; Alvarez-Marrón et al. 1997) . It also caused inversion of the previous extensional basins along the margin and, since the Eocene, the uplift of the Iberian Massif to form the Cantabrian Mountains along the northern coast of Iberia (Boillot and Malod 1988; AlvarezMarrón et al. 1997; Pulgar et al. 1996) .
Rocks of the Iberian Massif across NW Spain are only locally covered by patches of thin Oligocene to Neogene deposits within small continental basins that are, in some cases, spatially related to fault zones (Barrón and Santos 1998; Freudenthal et al. 2010 ). There are several sets of fractures that crosscut the Palaeozoic structure in the NW Iberian Massif (Fig. 1b) . In particular, sets with NW and NE trends have been interpreted as a conjugate transcurrent fault system developed within the regional N-S directed shortening that occurred in the Cenozoic (Santanach et al. 2005) (Fig. 2) . In the studied sector of the WALZ, the As Pontes fault zone is the largest post-Variscan structure of the NW trending set (Fig. 2) . This fault zone extends from the coast eastwards for more than 50 km, includes several strike-slip and minor thrust strands and has several small continental basins associated with it. Approximately 455 m of uplift and 1 km of right-lateral slip occurred in the northern block during the development of the As Pontes basin (Huerta et al. 1996; Santanach et al. 2005) . The As Pontes basin comprises 400 m of sedimentary fill made up of alluvial fan, lacustrine and marsh-swamp facies, developed from 30 to 22 Ma (Huerta et al. 1996; Santanach et al. 2005) . The timing of other NW trending faults and those of the NE trending left-lateral set across Galicia is less well constrained due to the absence of any related sedimentation. Of particular interest here is a set of NW Dallmeyer et al. (1997) trending faults located near Lugo, of which the Lugo fault is the largest (Figs. 1, 2 ). The Lugo fault is given an imprecise post-Variscan age, while other parallel faults appear to cut associated patches of Cenozoic sediments (González-Lodeiro et al. 1982) . Recent seismicity in eastern Galicia is associated with NE trending faults (López-Fernández et al. 2012) . This fault set is parallel to the fault system that extends for hundreds of km into Portugal and stems from the western termination of the Cantabrian Mountains deformation front (Fig. 1) . Holocene activity has been reported for faults of this set in Portugal (Cabral 1989) . The convergence between Iberia and Eurasia has slowed significantly since the early Miocene (Rosenbaum et al. 2002) , when Iberia started to move with Eurasia (Srivastava et al. 1990 ). The NW of Spain and surrounding continental margins are weakly seismically active areas today (López-Fernández et al. 2012) . Minor Pliocene to recent faulting has been reported in on land areas (e.g. Alvarez-Marrón et al. 2008; Martin-Gonzalez et al. 2012) .
The region of eastern Galicia that lies within the study area includes two major topographic components: the extensive low-relief upland around the city of Lugo and a higher elevation mountain ridge along the northern coast (Fig. 1) . The low-relief upland has an extent of more than 2,000 km 2 at about 500-600 m above sea level. It is south of the more rugged topography along the northern coast that reaches up to 1,000 m. A significant south-facing topographic escarpment that locally reaches more than 300 m high separates these two landscape components. The escarpment is associated with the As Pontes fault zone.
Methods and techniques

Sampling strategy
Fourteen samples (labelled JU-n; Table 2), with sufficient apatite to perform AFT analysis, were obtained along two transects in eastern Galicia (Fig. 2) . These samples increase the sample grid regional coverage added to the 10 samples from a previous study (labelled ESP-n; Table 2 ) (Grobe et al. 2010) . The northern transect crosses the escarpment of As Pontes fault zone and includes 8 new samples (A-A′-A″). Three of them are from La Tojiza pluton (JU-40, 41, 42) north of the fault escarpment and were collected at elevations of between 350 and 835 m. Other four samples are from the Monseibán pluton and were taken along a steep section of the fault escarpment between 606 and 915 m 28, 29, 30) . Sample JU-38 is from the Roman pluton south of the As Pontes Fault. Four previous samples are closest to this transect and included in it: two of them at the same locality north of As Pontes fault zone (ESP-27a and ESP-27b) and two from south of the fault (ESP-28 and ESP-26). The sample ESP-16 from the coast is not considered within the transect, because it is from north of several NW trending parallel faults that caused the drop of the northern blocks (Bastida et al. 1984) .
The southern transect (B-B′) includes 6 new samples from elevations ranging between 410 and 618 m that increase coverage in the low-relief area of Lugo and across, at least, two post-Variscan faults (Fig. 2) . Across this southern transect, 3 samples in total are east of the Lugo fault, JU-22 and ESP-17 from the Castroverde pluton and JU-21 from Lower Cambrian metasediments. The samples west of the Lugo fault come from the Castroverde pluton (JU-23, 24), the Lugo pluton east of Lugo (JU-25) and from the Hombreiro pluton west of Lugo (JU-26). The samples ESP-15, ESP-29 and ESP-30 collected for the previous study lie west of the Lugo fault and are also included in the analysis. AHe thermochronology analysis was performed on six samples that contained crystals of sufficient quality from the southern transect (JU-22, JU-24, JU-25 and ESP-15, ESP-17, ESP-30).
Apatite fission-track analysis
The AFT method is based on the analysis of chemically etchable linear defects formed in apatite during the spontaneous fission of 238 U mostly (Wagner 1972) . In apatite, the fission-tracks undergo complete annealing above ~110 °C, while below ~60 °C annealing is effectively zero for durations of less than a few hundred million years. This temperature range is known as the partial annealing zone (PAZ). The thermal history of a particular rock can be reconstructed by measuring the areal track density and track lengths. Track density provides the minimum cooling age, while the distribution of horizontal confined track lengths provides information on the cooling history (e.g. Wagner and Van den Haute 1992; Lisker et al. 2009 , and references therein).
The annealing behaviour of spontaneous tracks, and therefore the apparent cooling history, can also be influenced by other factors that should be considered in the AFT analysis. For instance, annealing at a given temperature is generally shown to be slower in apatite with high chlorine content than in those rich in fluorine (i.e. Green et al. 1986; Crowley et al. 1991; O'Sullivan and Parrish 1995; Carlson et al. 1999; Barbarand et al. 2003; Ravenhurst et al. 2003; Donelick et al. 2005) . Other constituents of the apatites that may also influence the annealing behaviour are REE, Fe and Sr. In this study, the etch pit size parallel to the c-axis (D par ) was applied as a kinetic parameter . Furthermore, the crystallographic orientation of the spontaneous tracks influences the annealing (Green and Durrani 1977) , such that tracks orthogonal to the c-axis anneal faster than tracks parallel to the c-axis, and this increases with annealing (i.e. Laslett et al. 1984; Galbraith et al. 1990; Barbarand et al. 2003; Donelick et al. 2005) . Because of this anisotropic annealing behaviour, it is crucial to measure lengths together with their orientation and correct lengths measurements that deviate from the c-axis.
Sample preparation, processing and data acquisition
Apatite grain mounts were obtained by applying standard mineral separation, sample preparation and etching techniques (Grist and Ravenhurst 1992a, b) . Apatites were etched in 5.5 M HNO 3 for 20 s at 21 °C and detection mica in 48 % HF for 20 min at 20 °C. Samples were irradiated at the research reactor FRM II, Munich, in the presence of three glass neutron dosimeter (CN5) of known uranium content and two Durango apatite age standards. Spontaneous and induced track densities (tracks/cm 2 ) and c-axis oriented horizontal confined track length and etch pit diameters (D par ) were determined at the Heidelberg FT-1 system. A detailed description of the system is given in Grobe et al. (2010) . AFT ages were calculated applying the ζ-method (external detector method) described by Hurford and Green (1982, 1983) . The ζ-values of 341.41 (15.48) and 340.59 (14.68) were obtained by dating of several Durango apatite standards. All ages, 1 σ confident limits and radial plots were determined by using the computer code Trackkey (Dunkl 2002) . The results are shown in Table 2 , with AFT ages reported as central ages (Hurford 1990 ).
Apatite (U+Th)/He analysis
The AHe method is based on the accumulation of 4 He as decay products of 238 U, 235 U, 232 Th and their daughter products in the apatite grain below the closure temperature (Reiners and Ehlers 2005) . In general, the AHe closure temperature is ~70 °C for a simple cooling rate of 1 °C/Ma and a sub-grain domain size >60 μm. Below 40 °C, all the 4 He is retained in the mineral (e.g. Farley 2000) . This temperature range is referred to as the He partial retention zone (PRZ). Our samples have average equivalent sphere radii between ~32 and 53 μm. AHe closure temperatures calculated with the software CLOSURE v.1.2 (Brandon et al. 1998 ) range between 31.5 and 67.2 °C, for cooling rates between 0.1 and 15 °C/Ma. The α-ejection correction was applied to the AHe age to account for the radiogenic loss of 4 He Farley et al. 1996; Farley 2000) .
Sample preparation, processing and data acquisition
Apatite He thermochronology needs unfractured inclusion-free idiomorphic apatite crystals with a minimum grain diameter of 50 μm. Two to five good quality single grains were analysed per sample following the procedures in Foeken et al. (2006) . This procedures comprise the following steps: (1) measurement of grain dimensions; (2) measurement of He content by degassing of single apatite crystals using a diode laser and analysing the extracted helium in quadrupole mass spectrometer; (3) measurement of the U and Th content of the degassed crystals: apatites are removed from vacuum system and dissolved in 10 % HNO 3 , U and Th were measured by isotope dilution ICP-MS. Ages were calculated following procedures by Meesters and Dunai (2005) . A α-ejection correction was applied to these ages using HeFTy. Because models of diffusion kinetics are based on a spherical diffusion domain (Meesters and Dunai 2005) , the equivalent sphere radius was calculated for each grain on which the further α-ejection correction was based ).
Thermal modelling of time-temperature paths
The low-temperature thermal history was obtained by applying the HeFTy v1.7 beta 2 modelling software that searches for thermal histories, which match data from fission-tracks and He in apatite derived from one sample (Ketcham 2005; Ketcham et al. 2007a Ketcham et al. , b, 2009 . The software uses all measurable indicators of fission-track annealing (such as single grain ages, length distribution, fluorine and chlorine content, D par ), together with the corresponding (U-Th)/He age (if available), and time-temperature constraints derived from geology. The model generates best-fit time-temperature paths using Monte Carlo simulation. The software defines envelopes in time-temperature space that contain all paths passing baseline statistical criteria and that are in accordance with user-entered geological constraints. These criteria follow maximum likelihood theory as described by Gallagher (1995) . A good fit corresponds to a merit value of 0.5 or higher (goodness of fit (G.O.F) = 50 %). An acceptable fit corresponds to a merit value of 0.05 or higher (G.O.F = 5 %), indicating that the model has not failed the null hypothesis test of the applied statistics ). In a first step, the data were forward modelled using constraints from the geological evolution of the region and the AHe ages (when available). Forward models were used to get a first idea of potential thermal histories. Along the time-temperature path obtained from the forward model, several constraint boxes are set, acting as starting fields for the inverse model that follows a Monte Carlo approach. In our tests, 10,000-100,000 model runs are sufficient to find the best solution. When AHe ages are available, we performed up to 1,000,000 runs to ensure the finding of the best possible fit. Each He-diffusion model available in HeFTy Farley 2000; Shuster et al. 2006; Flowers et al. 2009 ) was tested for each sample with AHe results to achieve best possible concordance with AFT models. The initial constraint box was always chosen at a temperature around 160 °C, and its younger age limit chosen such that it comprises the dated AFT age of the respective sample. The upper age limit was set at about 50-70 Ma older than the youngest limit. In this way, the modelling algorithm tests a wide range of cooling paths at which the samples cooled through the PAZ. Though, the upper temperature limit was chosen at 160 °C to ensure enough freedom for the modelled paths to enter the PAZ, it is crucial to emphasise that only the sensitive temperature range between 110 and 60 °C is considered during interpretation. The samples with the most horizontal confined tracks available (i.e. the most reliable samples for modelling) were modelled first, and the constraint boxes were reduced successively to increase the amount of good fits. The top priority was given to not biasing the resulting path, i.e. not influencing the envelope of good fits (light grey in figures). In the next step, the samples from the same fault blocks were modelled using equal constraint boxes to test similar cooling histories for each block.
Results
Fission-track ages
The AFT ages range from 154.4 ± 11.6 to 68.1 ± 5.0 Ma (Table 2 ). All ages are younger than the corresponding sedimentation, metamorphic or intrusive Palaeozoic age of the rocks sampled. Single grain age distributions fulfilled the χ 2 test in each sample, indicating a homogenous distribution of the single grain ages within the 1 σ error (Galbraith 1981) . The χ 2 test is passed when χ 2 > 5 %. These new data, together with previously published data, set the variation of central ages of all eastern Galicia samples from 68.1 ± 5.0 to 174.5 ± 7.7 Ma (Tables 2 and 3) .
Along the northern transect, samples from north of the As Pontes fault record central ages that range from 68.1 ± 5.0 to 116.8 ± 6.3 Ma (A-A′-A″, Fig. 2 ). Sample JU-40 at 350 m elevation has the youngest determined so far in Galicia (68.1 ± 5.0 Ma). The four new samples along the As Pontes fault escarpment (which follow a near vertical profile) yielded AFT ages that range from 100.4 ± 5.4 to 116.8 ± 6.3 Ma. The age-elevation relationship (AER) indicates a positive trend with a possible sharp break in slope at approximately 115 Ma when considering samples north of the As Pontes Fault (Fig. 3a) . Two samples lie outside the trend, sample JU-41 with only 5 datable grains and sample ESP-16 from near the coast, not considered in the transect. The exhumation rates derived from regression lines provide values of 0.25 km/Ma for an exhumation at about 115 Ma and around 0.01 km/Ma after this time. South of the As Pontes fault, sample JU-38 provided an AFT cooling age of 110.5 ± 6.4 Ma, similar to samples at the fault escarpment, and in the range of 104.3 ± 5.6 to 126.0 ± 6.8 Ma of nearby previous samples (ESP-26 and 28).
The samples along the southern transect in central Galicia record central ages that range from 109.4 ± 6.4 to 154.4 ± 11.6 Ma (B-B′, Fig. 2 ). There is a distinct age contrast across the Lugo fault. The samples to the east (JU-21, JU-22 and ESP-17) have ages (160.5 ± 9.6 to 142.9 ± 7.6 Ma) that are older than samples 24, from the Lugo block (109.4 ± 6.4 and 116.4 ± 7.4 Ma). This age difference is observed between samples taken from the same pluton and at similar elevations across the fault. It is interpreted to indicate movement along the Lugo fault between 143 and 116 Ma. The westernmost sample along the transect (JU-26) yields an AFT cooling age of 135.3 ± 6.9 Ma that is again significantly older than the samples from the Lugo block. A similar age of 137.3 ± 7.9 Ma was obtained from sample ESP-29 located near the westernmost end of this transect. Several post-Variscan faults with the same trend as the Lugo fault are mapped in the area between samples ESP-15 and JU-26 (González-Lodeiro et al. 1982) . The data are consistent with coeval movement along those faults and the Lugo fault. The age-elevation relationship plot including all data across or close to the southern transect is shown in Fig. 3b . The samples from the Lugo block may be organised in similar trends as those in the northern transect. However, the trend of moderate exhumation is less constrained in this southern transect. The low relief of this area permits a short elevation range of sampling locations. This hampers the definition of trends with the available data.
Etch pit size and track length distribution A total of 3,283 single D par values were determined for all apatite grains used in this study (Table 4 ). The mean D par values determined for each sample (1.3 ± 0.1 to 1.6 ± 0.1 μm) indicate a near homogenous calciumfluorapatite composition (Carlson et al. 1999 ). This kind of apatite experiences total fission-track annealing at around 100-110 °C/10 Ma . The largest etch pit size (2.3 ± 0.1 μm) was measured in a sample (JU-29) that shows also the largest spread in etch pit size (1.0 ± 0.1 and 2.3 ± 0.1 μm). There is no correlation between single grain ages and D par values. A total of 1,091 lengths of horizontal confined spontaneous fission-tracks were measured. The mean track lengths obtained range from 10.7 ± 2.6 to 12.6 ± 1.8 μm. With the exception of sample JU-24, all samples show a minor negative skewness between −0.17 and −1.56 that is a tailing towards shorter track lengths indicating a simple gradual cooling. There is no relation between the track length distribution and the elevations or AFT ages. There are different correlations between the track length distribution and AFT ages from 1 3 samples of north Galicia and central Galicia. Samples from north Galicia show a wide range of track lengths at a narrow age range, while samples from central Galicia yield a narrow range in the lengths distribution and a larger spread in ages. The measured confined track lengths were corrected for their orientation to the crystallographic c-axis by applying HeFTy to the data set. The mean c-axis projected lengths changed to a distribution between 13.0 ± 1.5 and 14.1 ± 1.1 μm. With the exception of samples JU-21 and 23, all samples show a negative skewness between −0.15 and −2.59. The overall relationships remain unaffected by c-axis correction of lengths.
(U+Th)/He ages in central Galicia
The AHe ages were determined for 6 samples along the southern transect from central Galicia area (Table 5 and Fig. 2) . Uncorrected AHe ages range from 42.6 ± 3.2 to 118.8 ± 6.3 Ma and between 70.6 ± 5.2 and 171.8 ± 16.5 Ma, after applying α-ejection correction. Sample ESP-15 shows intra-aliquot age replication within 10 %. It ranges up to 15 % in other samples. There is no correlation between equivalent grain radius or effective uranium concentration (eU) and AHe age distribution. Intrasample single grain age variation is likely the result of variation in grain form and dimensions (Brown et al. in press ). In two samples (ESP-17; JU-22), the slight positive correlation between single grain AHe age and effective uranium concentration indicates a slow cooling through the PRZ. The impediment of 4 He diffusion due to radiation damage is only significant for very large residence time within the PRZ. In sample ESP-30, all AHe single grain ages obtained were older than the corresponding AFT age. The calculated weighted mean AHe ages and the most representative AHe ages do not differ significantly from the youngest AHe ages (Table 5) . Thus, the youngest α-ejection corrected AHe ages ranging from 70.6 ± 5.2 to 114.4 ± 14.2 Ma were used for modelling and interpretation. Time-temperature models
In fourteen samples, more than 50 horizontal confined fission-tracks could be measured in each sample and they were used for time-temperature modelling. Out of those, it was possible to perform combined AFT+AHe based HeFTy modelling in only three samples of the southern transect (ESP-17, ESP-15 and JU-22). In the remaining samples, AHe ages were close to, or even older than, AFT ages which made it difficult to bring AFT and AHe data in concordance during modelling (JU-24, 25, ESP-30). All fourteen samples show the best-fit time-temperature paths consistent with a continuous cooling history, with no apparent reheating. All samples were modelled assuming a surface temperature of 15º and a constant geothermal gradient of 27 °C/km. This corresponds to the geothermal gradient determined from the present day heat flow density of 65 ± 5 mWm −2 in the area (Fernández et al. 1998 ). The time-temperature paths of the samples from the northern transect indicate similar cooling histories, including that of sample JU-38 from south of the As Pontes fault (Fig. 4) . These models are similar to those previously obtained for samples in north Galicia with the exception of a sample near the coast (ESP-16; Fig. 2 ). The models are consistent with an order of magnitude reduction in cooling rate from ~4.5 to 5 °C/Ma before 120 Ma to 0.5 °C/Ma after that time (Table 6 ). The paths show a relatively fast cooling rate between 160 and 120 Ma until reaching 80 °C with a mean exhumation rate of ~0.25 km/Ma (Table 6 ). The subsequent slower cooling after ~120 Ma corresponds to lower exhumation rates of less than 0.02 km/Ma.
The time-temperature paths of samples from the southern transect display a large dispersion in cooling history ( There is no evidence from the fission-track length distributions to suggest multi-phase heating histories, in agreement with the conclusions reached by Grobe et al. (2010) . Track length distributions show clearly defined peaks with only minor skewness. Furthermore, the modelled timetemperature histories based on AFT ages and track length distribution, also including those with AHe ages, are consistent with spatially heterogeneous, but continuous cooling and exhumation at varied rates since the latest Triassic. We suggest, therefore, that thermal overprinting as a cause of the variation in AFT ages and cooling histories may be discarded. This is also in agreement with other studies in nearby areas (Pérez-Arlucea et al. 2005; Grobe et al. 2010 ). (Srivastava et al. 1990) This tends to rule out Mesozoic heating episodes (Martín-Gonzalez et al. 2012) that are not supported by other independent geological evidences, such as the absence of rift-related magmatism in the area and adjacent margins (Boillot and Malod 1988; Schärer et al. 2000; Reston and Manatschal 2011) . While it is generally acknowledged that the Galicia margin is a magma-poor rifted margin (see Reston and Manatschal 2011, and references therein), it is also apparent that intrusions of basic and ultrabasic rocks in the thinned Galicia margin transitional crust occurred at the latest stages of rifting (Schärer et al. 2000; Sibuet et al. 2007) . Another minor magmatic event in the Late Cretaceous, represented by sets of mafic dykes in Galicia (Ancochea et al. 1992) , caused thermal and hydrothermal effects in narrow contact aureoles. Our samples were taken far from any of these rocks in areas where thermal effects have not been reported.
Mesozoic structure and exhumation history
It is generally acknowledged that the first tectonothermal event that initiated the separation of the northern Iberian Massif from other Palaeozoic massifs to the north and west was the intra-continental rifting that initiated the break-up of Pangea in the Triassic (e.g. Ziegler 1989) . Continental basins developed during this rifting event are distributed around the Bay of Biscay and are considered precursors of the North Iberian plate margin (Ziegler 1989) . Large areas of the Iberian Massif in Galicia, however, do not contain evidence of sedimentation related to this episode, nor have any Triassic sediments been drilled from large parts of the areas in the continental margins (Lamboy and Dupeuble 1975; Boillot and Malod 1988; Murillas et al. 1990 ). In the absence of such direct evidence for rifting, other type of data are necessary to study whether or not the area was affected by the Early Mesozoic tectonic. In our thermochronological data, only three samples record cooling below 140 °C and exhumation through the upper 4.6 km crust since Late Triassic times (Table 6 ). These samples 26) are from the low-relief areas of inland Galicia and record cooling rates between 6.5 °C/Ma and 2.0 °C/Ma from ~200 to ≈165 Ma. A similar cooling rate (2.7 °C/km) is calculated for a period of 100 Ma using the 40 Ar-39 Ar data of Dallmeyer et al. (1997) (Fig. 6) . Thus, contrary to what has been found in other areas of Iberia (Juez-Larré and Ter Voorde 2009), there is no evidence of significant thermal expansion during the Permo-Triassic Pangea continental break-up. This is consistent with the NW Iberian Massif being outside of the influence of the Central Atlantic Magmatic Province (McHone 2000) . We propose that the pre-165 Ma exhumation of eastern Galicia was due to incremental erosion/unroofing of the Variscan orogenic edifice in an area remote from and unaffected by Permo-Triassic rifting (Fig. 7) . Further investigations with the use of other and better-suited thermochronometers are needed to refine how that occurred. Av. Radius, average radius of crystal; Eq. Sphere Radius, equivalent sphere radius of crystal; F t , alpha recoil correction factor after Farley et al. (1996) (Ketcham 2005; Ketcham et al. 2007a Ketcham et al. , b, 2009 . Displayed are the time-temperature paths (left) and the c-axis corrected confined fission-track length (cC-FT-L) distribution (right) overlain by a calculated probability density function (best fit). The results in the time-temperature curve show three different reliability levels (dark grey envelope: acceptable fit = all time-temperature paths with a goodness of fit (G.O.F.) of >0.05 (5 %), light grey envelope: good fit = all time-temperature paths with a G.O.F. of >0.5 (50 %), black line best fit. P number of tested inverse models, A acceptable fit models, G good fit models, D determined FT-age (1 error) and cC-FT-L, M modelled FT-age and cC-FT-L, G.O.F., goodness of fit of best-fit model; N number of single grains and measured confined fission-track lengths Our data indicate that the most significant shallow crustal exhumation occurred between ~160 and ~120 Ma (Table 6 ). This was coeval with widespread rifting during the opening of the Atlantic and the Bay of Biscay (Le Pichon et al. 1971; Srivastava et al. 1990 ). The highest average exhumation rates of ≈0.5 km/Ma are recorded by samples from the northern transect and close to the coast. These high exhumation rates may possibly indicate a rapid denudation along the area corresponding to the southern rift shoulder of the Bay of Biscay. Fast cooling during the same period, in Variscan age granites from the coast of SW England, in what would have been the northern rift shoulder of the Bay of Biscay, has been interpreted in a similar way as due to a rift shoulder effect (Chen et al. 1996) . Together, these interpretations take on relevance since areas of SW England, Goban Spur and Southern Ireland formed part of the conjugate margin to NW Galicia during the Late Jurassic (e.g. Ziegler 1989 ).
The inland areas in the southern transect, in contrast, record lower exhumation rates in that period on both sides of the Lugo block (0.08-0.2 km/Ma) ( Table 6 ). In this area, differential exhumation between fault blocks suggests that the NE trending set of post-Variscan faults was active between 143 and 116 Ma (Berriasian to Aptian), coincident with fault activity at that time in the West Galicia Margin (Reston 2005) . Activity along this fault system, during the main Mesozoic rifting episode, is further suggested by the southward linkage of the Lugo fault set with the bounding faults of the Lusitanian Basin in Portugal, which contains significant thickness of Late Jurassic to Early Cretaceous sediments thought to be related to rifting and opening of the Atlantic (Rasmussen et al. 1998 ). Erosion and unroofing on these up-thrown fault blocks correlates with the accumulation of the thickest syn-rift deposits during Valanginian to Aptian times in the Galicia Interior Basin offshore Galicia (Murillas et al. 1990 ).
The exhumation of Variscan rocks in central Galicia could, therefore, be related to similar unroofing processes as those proposed for the eastern flank of the Galicia Interior Basin, where unroofing of deep crustal rocks is likely to be caused by rift-related faulting that accommodated crustal flexure over a rollover anticline during the Berriasian-Hauterivian (Reston 2005) . The 145 to 123 Ma AFT central ages obtained from samples near the west coast of Galicia (Pérez-Arlucea et al. 2005 ) also fit in this interpretation. Finally, given that the west Galicia margin crust thinned and cooled during rifting (Reston and Manatschal 2011) , the possibility of a regionally extensive reheating and overprinting during the post-160 Ma cooling history of the Galicia continental basement is unlikely.
Since continental break-up and the initiation of seafloor spreading at chron M0, at 118 Ma (Verhoef and Srivastava 1989) , the continental margins of Galicia started a post-rift stage (Murillas et al. 1990; Boillot and Malod 1988) . The rates of exhumation recorded in northern Galicia decreased from 0.5 to ~0.02 km/Ma during the Early Cretaceous to Early Palaeocene (110-60 Ma). This is in agreement with values of 0.01 km/Ma between ~115 and ~70 Ma calculated from the AER in the higher topographic areas of northern Galicia (Table 6 ). This suggests that the upper crust across the NW Iberian Massif was thermally stable from Late Cretaceous to Eocene times (Grobe et al. 2010) , coeval with relatively stable tectonic boundary conditions. Reiners et al. (2003) make an interpretation for similar rates of exhumation of 0.02-0.06 km/Ma in the Dabie Shan, where slow rate of topographic decay is thought to be associated with relatively stable tectonic conditions.
In the northern transect, there is a weak indication of a possible short episode of fast cooling at around 115 Ma that is provided by time-temperature paths and AER plots. This fast cooling could be indicative of a rapid and short-lived thermal contraction of the continental crust at the onset of the post-rift stage. In this scenario, cooling is caused by crustal uplift due to a large wavelength flexural rebound during lithosphere break-up and before the initiation of formation of pure oceanic crust. This mechanism has been proposed as the cause of a significant Late AptianAlbian sea level regression that is recorded in the breakup sequence of the Porto Basin (Soares et al. 2012) . A similar fast cooling trend, occurring soon after continental break-up, in the coastal plain along the southern Australian margin, has been interpreted to be caused by down wearing of the rift shoulder (Persano et al. 2002) . This latter interpretation could also be plausible for northern Galicia considering that it is closest to the coastline, although it would be difficult to apply to the more inland areas (see below).
Upper crustal processes and landscape evolution during the Cenozoic It is evident from the available thermochronological data that rocks in this area of the Iberian Massif were exhumed through the shallow crust before the initiation of convergence between the Iberian and Eurasian plates that caused shortening along the north Iberian margin since Middle Eocene times (Srivastava et al. 1990; Boillot and Malod 1988; Alvarez-Marrón et al. 1997 ). In the low-relief areas of central Galicia, a slow constant exhumation may have persisted since ~120 Ma ago (Table 6 ; Fig. 7 ). The AHe data indicate that less than 1.7 km of denudation has occurred across central Galicia since that time, corresponding to an average rate of 0.012 km/Ma. This supports previous geomorphological interpretations of the Lugo lowrelief area as an inherited landscape that predates the rise of the surrounding Alpine topography (Pagés and Vidal Romaní 1998) . The slow exhumation recorded in central Galicia can then be interpreted to be due to a continuous slow reduction in topography, or insignificant variations of it, across the region during a time of tectonic quiescence that prevailed in the continental margins between continental break-up and the initiation of shortening along the margin, north of Galicia. The landscape may have attained a steady state during the relatively stable tectonic boundary conditions that prevailed in the surrounding margins for 60 million years (Fig. 7) . Following this interpretation, the denudational system inland may have reached a state of low energy that if stabilization of base levels occurred, a peneplane may have developed (Gunnell et al. 2009 ). The Lugo low-relief area in central Galicia may, then, represent the remains of a larger peneplane.
The data presented here are consistent with a low-relief landscape across the continental areas of Galicia having existed for tens of millions of years with prevailing low exhumation rates. Low exhumation rates persisted in central Galicia and have not been significantly modified during the Oligocene to Miocene active faulting and uplift along northern Galicia. However, the AFT modelling suggests that most samples from the northern transect were above of the PAZ and cooled below 60 °C after 80 Ma (Fig. 7) . The maximum 455 m of vertical displacement along the As Pontes fault from 30 to 22 Ma (Huerta et al. 1996; Santanach et al. 2005) did not overprint the previously established thermal structure. A buffered landscape (in the sense of Allen 2008) may have persisted for 20 million years along northern Galicia, where active uplift was not associated with a significant activation of the erosional system. The results also indicate minor exhumation and/or insignificant thermal effects during the whole Cenozoic, despite uplift of the surrounding Cantabrian Mountains since Early Eocene and the short-lived (~20 Ma) active subduction north of Galicia (Pulgar et al. 1996; Alvarez-Marrón et al. 1997 ).
Conclusions
The geographical pattern of AFT cooling ages across eastern Galicia reflects the significant effects imposed by the Mesozoic tectonic processes occurring in the adjacent continental margins, on the shallow exhumation history of the NW Iberian Massif. Exhumation rates in eastern Galicia decreased one order of magnitude, from average ≈0.2 km/ Ma to average ≈0.02 km/Ma in the syn-to post-rift change of prevailing tectonic boundary conditions. The data and the modelling indicate various rates of continuous cooling of the shallow Iberian Massif crust during the Mesozoic. Significant cooling occurred coeval with the period of Late Jurassic to Early Cretaceous rifting in the margins, after a local, poorly resolved Late Triassic faster cooling. Some differences in exhumation across post-Variscan fault blocks in the interior areas of Galicia such as the Lugo fault suggest that they were active in the Early Cretaceous. The thermochronological results indicate negligible exhumation or sedimentary burial across the whole area since 115-80 Ma Table 1 1 3 proposed for the last 100 Ma. b Compilations of best-fit cooling paths for the two transects with average exhumation rates compared to prevailing tectonic boundary conditions. The whole area shows the lowest exhumation rates (reduced one order of magnitude) since the end of rifting in the adjacent continental margins by 118 Ma. AHe ages are consistent with low denudations rates across Central Galicia since then. Dark grey envelopes: cooling histories for north Galicia and Lugo block in central Galicia; light grey envelope: cooling history in the eastern and western blocks in central Galicia ago. The Cenozoic tectonics along northern Galicia and in the margin to the north imposed no thermal effects across the area. Exhumation was insignificant during the Oligocene to Early Miocene fault-related uplift along northern Galicia. The low-relief areas of Lugo that underwent a total exhumation of 1.7 km since 100 Ma represent remains of a low-relief palaeolandscape predating the Cenozoic and evolving at an averaged low exhumation rate of ~0.02 km/ Ma despite the change of tectonic boundary conditions in the north.
